Radiotherapy is an important form of treatment for a wide range of cancers, but it can damage DNA and cause adverse effects. We investigated if the diplacone analogs of P. tomentosa were radio-protective in a human lymphoblastoid cell line (AHH-1). Four geranylated flavonoids, diplacone, 3′-O-methyl-5′-hydroxydiplacone, 3′-O-methyl-5′-O-methyldiplacone and 3′-O-methyldiplacol, were tested for their antioxidant and radio-protective effects. Diplacone analogs effectively scavenged free radicals and inhibited radiation-induced DNA strand breaks in vitro. They significantly decreased levels of reactive oxygen species and cellular DNA damage in 2 Gy-irradiated AHH-1 cells. Glutathione levels and superoxide dismutase activity in irradiated AHH-1 cells increased significantly after treatment with these analogs. The enhanced biological anti-oxidant activity and radioprotective activity of diplacone analogs maintained the survival of irradiated AHH-1 cells in a clonogenic assay. These data suggest that diplacone analogs may protect healthy tissue surrounding tumor cells during radiotherapy to ensure better control of radiotherapy and allow higher doses of radiotherapy to be employed.
Paulownia tomentosa (Thunb.) Siebold & Zucc. ex Steud. belongs to the family Scrophulariaceae. These deciduous trees are distributed throughout Korea, China, and Japan. Iridoids, lignans and flavonoids have been reported to be the bioactive compounds of P. tomentosa [4, 5] . Among them, geranylated flavonoids are known to be the main bioactive constituents. Polyphenolic compounds such as iridoids, phenolic glycosides, flavonoids, and phenylethanoids have been reported in the MeOH and EtOH extracts of P. tomentosa [6] . In the present study, four geranylated flavonoids, diplacone (PT-1), 3′-O-methyl-5′-hydroxydiplacone (PT-2), 3′-O-methyl-5′-O-methyldi-placone (PT-3) and 3′-Omethyldiplacol (PT-4), were tested for their antioxidant and radioprotective effects, and we identified potential relationships between chemical structure and antioxidant/radio-protective properties. We investigated if the diplacone analogs of P. tomentosa were radioprotective in a human lymphoblastoid cell line (AHH-1). Diplacone was found to be the most effective inhibitor of these flavonoids.
To investigate the free radical-scavenging activity of cordycepinenriched PT-1, PT-2, PT-3 and PT-4, we performed the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, nitroblue tetrazolium (NBT)/xanthine oxidase (XO) assay, and oxidation of a fluorescent probe by hydroxyl radicals. Production of the stable free radical DPPH with characteristic absorption at 517 nm was significantly reduced by PT-1~4 (p<0.05) (Figure 1 ), and they also inhibited generation of superoxide radicals in a dose-dependent manner ( Figure 2 ). PT-1~4 significantly suppressed production of hydroxyl radicals (Figure 3) , and hence may prevent the damage induced by hydroxyl radicals. Diplacone analogs PT-1~4 could scavenge free radicals in a dose-dependent manner. XO produces superoxide radicals during the final two steps of purine metabolism [8] . For the superoxide radical-scavenging assay, reduction of NBT by superoxide radicals at 600 nm was followed. In the presence of PT-1~4 (10-250 μM), a significant decrease in the reduction of NBT dye was observed due to the scavenging of superoxide radicals by extracts. Figure 2 shows the percentage scavenging activity of superoxide radicals by PT-1~4 at different concentrations. The ability of superoxide radicals to scavenge was proportionate to the dose of PT-1~4. PT-1~4 of P. tomentosa tended to inhibit production of XO dramatically if the dose concentration was very high. The hydroxyl radical antioxidant capacity (HORAC) assay is based on the oxidation of fluorescein by hydroxyl radicals via a classic hydrogen atom transfer (HAT) mechanism. According to the DPPH assay, 3′-Omethyl-5′-hydroxydiplacone (PT-2) showed the best scavenging ability among the four compounds. Data are the mean ± standard deviation of three independent experiments. Significant differences among more than two groups were assessed by one-way analysis of variance followed by Dunnett's test. p<0.05 compared with untreated control.
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Figure 2: Superoxide radical-scavenging ability of PT-1, PT-2, PT-3, and PT-4 was measured by the level of nitroblue tetrazolium (NBT) reduction. Percent inhibition of the DPPH free radical and superoxide radicals was calculated as a measure of the radical scavenging activity of PT-1, PT-2, PT-3, and PT-4. Data are the mean ± standard deviation of three independent experiments. Significant differences among more than two groups were assessed by one-way analysis of variance, followed by Dunnett's test. p<0.05 compared with untreated control.
Figure 3: Hydroxyl radical-scavenging activity of PT-1, PT-2, PT-3, and PT-4 was measured using a HORAC Activity Assay kit. The antioxidant capacity of PT-1~4 was calculated on the basis of the area under the fluorescence decay curve compared with an antioxidant standard curve obtained with gallic acid (for HORAC). All samples were tested in triplicate and experiments repeated thrice. Data are the mean ± standard deviations of three independent experiments. Significant differences among more than two groups were tested by one-way analysis of variance, followed by Dunnett's test. p<0.05 compared with untreated control.
antioxidant activity in the sample is exhausted, after which H 2 O 2 radicals react with and quench the fluorescence of fluorescein. The area under the fluorescence decay curve (AUC) is used to quantify the total antioxidant activity of hydroxyl radicals in a sample, and is compared with a standard curve obtained using various concentrations of gallic acid. Unlike other assays used to measure antioxidant activity, the fluorescent HORAC assay provides direct measurement of antioxidant capacity against hydrophilic chainbreaking hydroxyl radicals [9] . The value of HORAC from PT-1~4 compared with control showed that PT-1~4 could remove hydroxyl radicals, especially at high doses. PT-3 and PT-4 decreased levels of hydroxyl radicals dramatically (Fig 3) . PT-1~4 induced toxicity in these cells at ≤ 100 μM and ≤ 250 μM in AHH-1 cells, respectively ( Figure 4 ). When irradiated with 4 Gy of 137Cs radiation, ROS production, as determined by the Dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay, was approximately threefold greater than that in non-irradiated and AHH-1 cells. PT-1~4 significantly reduced the ROS production of irradiated AHH-1 cells in a dosedependent manner ( Figure 5 ).
If cells are exposed to either ionizing radiation or DNA-damaging chemotherapeutic agents, DSBs are generated and rapidly result in phosphorylation of the histone H2A variant H2AX. Phosphorylation of H2AX at Ser 139 (γ-H2AX) is abundant, fast, and correlates well with each DSB, so it is the most sensitive marker that can be used to examine the DNA damage produced and subsequent repair of the DNA lesion. γ-H2AX can be detected by immunoblotting and immunostaining using either microscopic or flow cytometric detection [10] . Ten μM of PT-1~4 was close to the control, which was confirmed by the MTT assay. Hence, we treated AHH-1 cells with 10 μM to see if our analogs could protect cells from direct irradiation. These analogs could scavenge the free radicals formed by radiation. PT-3 significantly induced inhibition of γ-H2AX activity in a dose-dependent manner (Figure 6 ), but could not protect the histone of DNA from radiation.
Protective
Figure 5: Cells were treated with the indicated concentrations of PT-1, PT-2, PT-3 and PT-4 for 1 h and 25 μM DCFH-DA added. Cells were exposed immediately to 4 Gy of 137Cs γ-radiation and incubated for 10 min. ROS production was measured by the DCFH assay. Results are expressed as intensity of DCFH fluorescence. Data are the mean ± standard deviation of three independent experiments. Significant differences among more than two groups were assessed by one-way analysis of variance, followed by Dunnett's test. p<0.05 compared with untreated control.
Human cancers can be treated in three main ways: anti-cancer agents, surgery and radiotherapy. In this work, we focused on radiotherapy. Radiotherapy has advantages (it is non-invasive) and disadvantages (normal cells near cancer cells can be damaged by radiation).We ascertained whether PT-1~4 from P. tomentosa could protect normal cells from radiation. To understand the protective ability of natural compounds against radiation, the mechanism of irradiation needs to be understood. Ionizing radiation can be divided into two classes: direct and indirect. The side effects of direct radiation result in either direct damage or mutation of DNA, singlestrand breaks in DNA, or DSB in DNA. The side effects of indirect radiation are protein and membrane damage, which cause production of free radicals within cells, and lead to oxidation of proteins and lipids. Radiation is used to kill cancer cells, but normal cells can also be irradiated. Hence, identification of natural substances that have fewer side effects than chemical agents is the subject of research. The best way to protect normal cells from radiotherapy could be to use natural substances. The second best way could be to use natural substances as antioxidants. Finding such substances that can protect DNA directly is very challenging. The present study showed that PT-1~4 could inhibit the damage caused by ROS and free radicals after irradiation. PT-1~4 could not inhibit the number of DSBs directly, but could inhibit the ROS activities and levels of free radicals.
Experimental
Preparation of the diplacone analogue, PT1~PT4: Diplacone analogs were kindly provided by Professor Karel Šmejkal of the University of Veterinary and Pharmaceutical Sciences Brno [6] . A 50 mM stock solution of PT1~PT4 was made in absolute ethanol, and working dilutions were prepared directly in saline. PT1~PT4 were diplacone, 3′-O-methyl-5′-hydroxydiplacone, 3′-O-methyl-5′-O-methyldiplacone, 3′-O-methyldiplacol. The control vehicle was culture media containing amounts of ethanol equivalent to those present in PT1~PT4.
Free radical scavenging activity of PT1~PT4: PT-1, PT-2, PT-3 and PT-4 were diluted to 10, 100 and 250 μM concentrations, each of 10 μL. These were mixed with 190 μL of 0.1 mM DPPH in ethanol concentration in wells of a 96-well plate. The plate was kept in the dark for 10 min, and the absorbance of the solution was measured at 517 nm using a microplate reader (Molecular Devices, Sunnyvale, CA,).
NBT/XO assay: Gamma irradiation with 137Cs was carried out using a BioBeam 8000 (Gamma-Service Medical GmbH, Bremen, Germany) irradiator at a dose rate of 1.88 Gy/min.
Cell culture:
The reaction mixture contained 134 μL of buffer (50 mM KH2PO4, pH7.4), 2 μL of 100 mM Na 2 EDTA, 20 μL of 3 mM hypoxanthine, 2 μL of 10 mM NBT, and 10 μL of various concentrations of PT-1, PT-2, PT-3 and PT-4. The absorbance of the samples was measured immediately after adding 32 μL of xanthine oxidase (1 unit / 10 mL buffer) at 540 nm using the microplate reader. The plate was kept in the dark for 10 min, and absorbance was measured again at 540 nm. Human lymphoblastoid AHH-1 cells were obtained from the American Type Tissue Collection (ATCC, USA). AHH-1 cells were grown in n RPMI 1640 medium supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA). Cells were maintained at 37°C in a humidified atmosphere with 5% CO 2 .
Cell viability assay:
The number of viable cells was determined by the ability of mitochondria to convert MTT to formazan dye. AHH-1 cells were cultured overnight in 96 well plates, at a density of 2ⅹ104 cells/200 μL in each well. The next day, the cells were co-incubated with various concentrations of PT-1, PT-2, PT-3 and PT-4 for 24 h. Following the incubation, the medium was removed, and the cells were supplemented with 10 μL of 10 mg/mL MTT in each well. Following a further 4 h incubation at 37˚C in a humidified 5% CO 2 atmosphere, the MTT was removed, and the cells were lysed with 150 μL DMSO. The absorbance was measured at 550 nm using a microplate reader.
HORAC (hydroxyl radical antioxidant capacity) assay: Hydroxyl radical scavenging activity was measured using the OxiSelect™ HORAC Activity Assay Kit (Cell Biolabs, San Diego, CA, USA). Various concentrations of PT-1, PT-2, PT-3 and PT-4 (diluted to final concentrations of 10, 100 and 250 μM) were compared with various concentrations of gallic acid. 
ROS inhibition activity in the 2′

Immunofluorescent staining of phosphorylated H2AX:
The histone H2A family contains three members named H2A1-H2A2, H2AZ, and H2AX. The H2AX protein is reported to be involved in DNA repair and repair defect syndromes [7] . The resulting histone H2AX against cellular DNA double-strand breaks (DSBs) after irradiation, the level of γ-H2AX foci was measured. AHH-1 cells were cultured overnight in 6 well plates, at a density of 2ⅹ10 6 cells/well in 6-well tissue culture plates. The next day, the cells were treated with various concentrations (10 μM and 2 μM) of PT-1, PT-2, PT-3 and PT-4 for 15 min, exposed to 2 Gy of 137 Cs γ-radiation and incubated at 37°C in a humidified atmosphere with 5% CO 2 for 45 min. The cells were fixed in 4% paraformaldehyde for 10 min and permeabilized in a 0.1% solution of Triton X-100 in PBS for 10 min. Subsequent detection of γ-H2AX expression was performed after blocking in 5% fetal bovine serum (FBS) for 2 h at 37℃, using a 1:1000 dilution of the flourescein isothiocyanate (FITC)-labeled goat monoclonal antibody against γ-H2AX (Abcam, Cambridge, USA). Following incubation with the primary antibody for 30 min, the AHH-1 cells were analyzed by by flow cytometry on Beckman Coculter FC500 (Beckman coulter, USA). The fluorescence intensity in the cells post-irradiation was compared to that in irradiation alone to provide a measure of the relative fluorescence.
Statistical analysis: All data are expressed as mean + standard deviation. Statistical significance was tested using the Statistical Package for the Social Sciences statistical software for Windows, Ver. 18.0 (SPSS Inc., Chicago, IL, USA). Data were tested for normality using the Kolmogorov-Smirnov test and for homogeneity of variance using Levene's test, prior to any statistical analysis. The data were normally distributed, and the variances were homogeneous. Therefore, significant differences between two groups were evaluated by Student's t-test and significant differences among more than two groups were evaluated by one-way analysis of variance with Dunnett's post hoc test for multiple comparisons. A difference was considered to be significant at P<0.05.
